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Abnormal Development and Function
of B Lymphocytes in Mice Deficient
for the Signaling Adaptor Protein SLP-65
some of which in turn differentiate into mature IgMloIgDhi
or recirculating B cells. Negative selection of B cells has
been shown to occur in transitional B cells (Carsetti et
al., 1995; Norvell and Monroe, 1996; Sater et al., 1998).
Mutant mice that are unable to assemble IgH and
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D-79108 Freiburg IgL chains or lack components of the pre-BCR or BCR
Germany complex are either unable to produce B cells or do so
with reduced efficiency (reviewed in Campbell, 1999).
For example, pre-B cells in mMT mice carrying a deletion
Summary in the 2 exons coding for the transmembrane domain
of IgH are unable to insert the Ig molecule into the cell
During signal transduction through the B cell antigen membrane (Kitamura et al., 1991). As a result, no BCR
receptor (BCR), several signaling elements are brought is assembled and no mature B cells are produced.
together by the adaptor protein SLP-65. We have in- Recently, the adaptor protein SLP-65, alternatively
vestigated the role of SLP-65 in B cell maturation and termed BLNK and BASH (we will use here the designa-
function in mice deficient for SLP-65. While the mice tion SLP-65), has been identified as a signaling ele-
are viable, B cell development is affected at several ment of the BCR (Fu et al., 1998; Goitsuka et al., 1998;
stages. SLP-65-deficient mice show increased pro- Wienands et al., 1998). SLP-65 contains an N-terminal
portions of pre-B cells in the bone marrow and imma- region with five tyrosines in a YXXP context found in sev-
ture B cells in peripheral lymphoid organs. B1 B cells eral tyrosine-phosphorylated adaptor proteins including
are lacking. The mice show lower IgM and IgG3 serum SLP-76, Dok, Cbl, SH3P7, and Cas. The central portion
titers and poor IgM but normal IgG immune responses. of SLP-65 contains several SH3-domain binding motifs
Mutant B cells show reduced Ca21 mobilization and and the C terminus consists of an SH2-domain. Follow-
reduced proliferative responses to B cell mitogens. ing engagement of the BCR, SLP-65 is phosphorylated
We conclude that while playing an important role, SLP- by the BCR-associated kinase Syk (Fu et al., 1998). The
65 is not always required for signaling from the BCR.
adaptor function of SLP-65 is suggested from the obser-
vation that it associates with numerous signaling ele-
Introduction ments including Bruton's tyrosine kinase (Btk) (unpub-
lished data), Grb2, phospholipase C-g (PLCg), Vav, and
B lymphocyte development consists of a series of matu- Nck (Fu et al., 1998). Of these elements, Btk and PLCg
ration steps, most of which appear to be ordered (Hay- are required for the mobilization of calcium ions in acti-
ashi et al., 1990; Hardy et al., 1991; Rajewsky, 1996; vated B cells (Takata et al., 1995; Takata and Kurosaki,
Rolink and Melchers, 1996). The ordering of the steps is 1996). SLP-65 seems to be intimately associated with
achieved by several ªcheck pointsº at which maturation
calcium mobilization because overexpression of SLP-
can be halted if the previous step was faulty. Signals
65 leads to increased Ca21 responses and mutations in
transmitted by the B cell antigen receptor (BCR) have
SLP-65 lead to reduced Ca21 responses (Fu et al., 1998;
been shown to play a crucial role at several steps during
Ishiai et al., 1999; Wollscheid et al., 1999).B cell development (reviewed in Benschop and Cambier,
In T cells, an adapter protein similar to SLP-65 has1999; Campbell, 1999). B cells first somatically rearrange
been described (Jackman et al., 1995) and given thethe immunoglobulin heavy chain (IgH) gene and inte-
name SLP-76. A SLP-76-deficient T cell line is also de-grate the resulting protein into a pre-B cell receptor (pre-
fective in the calcium response (Yablonski et al., 1998).BCR) (Karasuyama et al., 1990; Tsubata and Reth, 1990).
In the mouse, SLP-76 is expressed in T cells, mast cells,Signals from this pre-BCR induce rearrangement of the
and platelets, and analysis of SLP-76-deficient mice hasimmunoglobulin light chain (IgL) gene and assembly of
shown that this adaptor is required for signal transduc-the canonical BCR. The presence of the BCR then pro-
tion in all these different cell types (Clements et al.,vides signals for emigration to the periphery where fur-
1998a, 1998b, 1999; Pivniouk et al., 1998, 1999). In thesether selection and maturation of the B cell ocurrs (Mac-
mice, T cell development is blocked at an early stageLennan, 1998; Townsend et al., 1999). Binding of antigen
during the transition from double-negative to double-to the BCR of mature cells provides some of the signals
positive T cells, apparently because the pre-T cell recep-necessary for differentiation to antibody-producing
tor (pre-TCR) signaling function is compromised. Basedplasma cells.
on the observation that B cells develop normally in SLP-In the adult mouse, three major populations of splenic
76-deficient mice, it has been suggested that in B cellsB cells can be identified by staining for IgM and IgD.
SLP-65 plays the central role in connecting initial signalsThe IgMhiIgDlo or transitional 1 (T1) cells are recent immi-
from BCR-associated kinases to numerous downstreamgrants from the bone marrow (Loder et al., 1999). These
signaling pathways necessary for B cell developmentT1 B cells become IgMhiIgDhi transitional 2 (T2) cells,
and function (Fu et al., 1998; Goitsuka et al., 1998; Wie-
nands et al., 1998). In order to test this hypothesis, we* To whom correspondence should be addressed (e-mail: nielsen@
immunbio.mpg.de). have produced mice deficient for SLP-65.
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Figure 1. Generation of SLP-65-Deficient
Mice
(A) The wild-type allele (WT), the targeting
vector, and the mutated allele are shown.
Black boxes represent exons (not drawn to
scale). The selection cassettes, neomycin
(neo), and thymidine kinase (tk), are shown
as open arrows that indicate the direction of
transcription. The targeting strategy was
aimed at deleting exon 4 and the flanking
intron sequences (hatched box).
(B) A Southern blot analysis of tail DNA, di-
gested with SacI, is shown. The blot was hy-
bridized with the probe indicated in (A). The
fragment size is shown on the right (MT, mu-
tant; WT, wild type).
(C) A Northern blot was performed on total
RNA extracted from control (1/1) or mutant
(2/2) splenocytes and hybridized with mouse
SLP-65 cDNA (corresponding to amino acids
58±324).
(D) GST-Grb2-SH3/2 precipitates were pre-
pared from postnuclear supernatants of
pervanadate/H2O2-stimulated control (1/1, lane 1) or mutant (-/-, lane 2) splenic cells. Precipitated proteins were analyzed by anti-
SLP-65 immunoblotting as previously described (Wienands et al., 1998).
Results SLP-65 immunoblotting. In contrast to control mice, no
immunoreactive SLP-65 was detected in extracts from
slp-65 Mutation by Homologous Recombination mutant mice (Figure 1D).
To inactivate the murine slp-65 gene, a targeting vector In summary, the mutant mice produce low levels of
was constructed where the slp-65 exon 4 was replaced aberrant SLP-65 transcripts, which could potentially en-
with the neomycin gene (Figure 1A). Following splicing code a mutated version of SLP-65 where amino acids
from exon 2 to 5, this mutation was expected to result 55±68 are replaced by 158 amino acids from the anti-
in a translational frameshift at amino acid 54 and a trans- sense strand of the neomycin gene. Since no immuno-
lational stop 2 amino acids later. A BALB/c ES cell line reactive Grb2-binding proteins were detected, even
was transfected with this vector, and from 480 colonies though this altered form would contain the central SH3-
growing under G418/gangcyclovir double selection, 5 binding domain and the immunoreactive peptide, the
were positive in a PCR screen for a homologously re- mice appear to carry a null mutation in slp-65.
combined slp-65 locus. Four of these clones were con-
firmed to be correctly recombined by Southern blot anal-
Flow Cytometric Analysis of Mice Lacking SLP-65
ysis. Three were injected into C57BL/6 blastocysts and
Because SLP-65 has been described to be B cell spe-
all three produced chimeric mice that transmitted the
cific, the mice were analyzed by FACS for possible de-mutation to the germ line (Figure 1B). Heterozygote inter-
fects in the immune system. As a negative control, mMTcrosses produced the expected frequencies of trans-
mice, which completely lack mature B cells, were ana-mission of the mutant allele, and mice homozygous for
lyzed in parallel (Kitamura et al., 1991). In the bone mar-the slp-65 mutation appeared healthy and robust.
row and peripheral lymphoid organs, the total numberThe expression of SLP-65 in the mutant mice was
of cells was not altered, but the number of B cells wastested both at the RNA and protein level. Northern blot
reduced by 5%±40% in mutant mice (data not shown).analysis of splenic RNA with a SLP-65 cDNA probe re-
Lymphocytes from the spleen, thymus, lymph nodes,vealed no messenger RNA either of the wild-type or the
and peritoneum revealed several alterations in B celldeleted size in mutant mice (Figure 1C). A weak band
development (Figure 2A). In 8- to 12-week-old mice,somewhat larger than SLP-65 mRNA was observed. A
there is a 5- to 10-fold reduction in mature (IgDhiIgMlo)similar phenomenon was observed in the case of a tar-
B cells in spleen (Figure 2A, upper panels). In both spleengeted btk gene (Khan et al., 1995). Following cloning
and lymph nodes (Figure 2A, middle panels), there is aand sequence analysis, we found that these transcripts
considerable increase in immature B cells with eithercontain 473 bp from the antisense strand of the neomy-
the IgMhiIgDlo or IgMhiIgDhi phenotype. In addition, thecin gene (nucleotides 328±800 relative to the AUG) fortu-
CD5-expressing B1 B cells, usually found in largeritously spliced into the SLP-65 transcript in place of the
amounts in the peritoneum, are virtually absent in thedeleted exon 4. This ªcrypticº exon has an uninterrupted
SLP-65-deficient mouse (Figure 2A, lower panels). Noopen reading frame and would preserve the open read-
changes in the amounts or ratios of CD41 and CD81ing frame of SLP-65.
T cell populations were observed in the thymus or inTo test for SLP-65 protein, splenocytes from mutant
peripheral lymphoid organs (data not shown). We haveand control mice were either unstimulated, stimulated
also observed that in older mutant mice, the number ofwith anti-k antibodies (both not shown), or stimulated
mature B cells increases somewhat in the periphery butwith pervanadate (Figure 1D). SLP-65 was affinity puri-
(at least at 3 months) does not reach the level of normalfied from total splenocyte protein extracts using a GST-
Grb2-SH3/2 fusion protein and detected using anti- mice.
SLP-65-Deficient Mice
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Figure 3. Serum Ig Concentrations and the Humoral Response in
SLP-65-Deficient Mice
The concentrations of serum immunoglobulin isotypes was mea-
sured by ELISA. The values for each individual control (filled circle)
and deficient (open circle) mouse tested is plotted. To measure the
humoral immune response, groups of five control and SLP-
65-deficient mice were immunized either with the T cell±independent
antigen TNP-Ficoll (B) or the T cell±dependent antigen TNP-BSA (C
and D). TNP-specific IgM (B and C) or IgG (D) antibodies were
measured by ELISA and the relative values (absorbance) are plotted
for each individual control (filled circle) and mutant (open circle)
animal.
Figure 2. FACS Analysis of B Cells in Primary and Secondary
Lymphoid Organs from SLP-65-Deficient Mice
(A) Total cells isolated from spleen, lymph node, and peritoneal
cavity of 8- to 12-week-old control (SLP-651/1), mutant (SLP-652/2), in IgG2a was also seen. The titers of IgG1, IgG2b, and IgA
and B cell±deficient (mMT) mice were stained simultaneously with were not different from those seen in control littermates.
anti-IgD-FITC (or anti-CD5-FITC) and anti-IgM-biotin-streptavidin- The effect of SLP-65 absence on the immune response
R670 and analyzed by flow cytometry. Mature, immature, and transi- was analyzed for both T-independent and T-dependent
tional B cells (see Introduction for definition) are boxed and the
antigens. The T-independent IgM response to TNP-Ficollnumber of cells present in each region is indicated as a percent of
was measured 5 days after immunization (Figure 3B). Inthe total cells plotted.
(B) Bone marrow cells from the three strains of mice mentioned contrast to the control mice, the mutant mice showed
above were similarly analyzed after staining for IgM, IgD, B220, and essentially no response.
CD43. Again, the number of cells in the boxed regions are indicated For the response to the T-dependent antigen TNP-
as a percentage of the total cells plotted. BSA, mice were immunized and then reimmunized 15
days later with the same antigen. When compared be-
fore and after the boost, the TNP-specific IgM responseThe reduced number of mature B cells in the periphery
in the mutant mice was strongly reduced (Figure 3C). Insuggested a defect in maturation that could also be
contrast, the TNP-specific IgG response was not differ-manifested at early stages of B cell development. To this
ent from that in control mice (Figure 3D).end, bone marrow±derived B cell precursors were exam-
ined by FACS (Figure 2B). Most B cell precursors appear
to be blocked at the pre-B stage (CD431BP1IgM2). A Ca21 and Phosphotyrosine Response
When stimulated by anti-k antibodies, SLP-65-deficientreduction is also seen in the number of recirculating
IgDhiIgMlo B cells in the bone marrow. B cells mobilized Ca21 to a much lower extent than
control B cells (Figure 4A). Consistent with this, we also
observed reduced tyrosine phosphorylation of PLCg2Serum Immunoglobulin Titers and the Humoral
Response in SLP-65-Deficient Mice in mutant B cells (data not shown). The overall pattern
of tyrosine phosphorylation induced by BCR stimulationThe concentrations of immunoglobulin isotypes in the
serum of unimmunized mice were determined by en- of splenocytes was examined by anti-phosphotyrosine
immunoblotting (Figure 4B). Following stimulation, nu-zyme linked immunosorbent assay (ELISA) (Figure 3A).
SLP-65-deficient mice were found to have strongly re- merous tyrosine-phosphorylated proteins are induced
in control cells (Figure 4B, lane 2). In the mutant, a veryduced serum levels of IgM and IgG3. A slight reduction
Immunity
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Figure 5. The Proliferative Response of SLP-65-Deficient Spleno-
cytes Is Reduced
Splenocytes were cultured for 48 hr in medium alone or with soluble
antibodies directed against Ig-m, Ig-k, or CD40. All three treatments
were in the presence of IL-4. In separate cultures, cells were also
incubated with LPS. Proliferation was then measured by [3H]thymi-
dine incorporation. The mean and standard deviations are plotted
for control (filled bars) and mutant (open bars) mice. The results are
representative of four experiments performed.
Histology
The overall morphology of the spleen was examined in
Figure 4. SLP-65-Deficient Mice Show Reduced Ca21 Mobilization mutant mice by staining cryosections with fluorescent-
and Modest Changes in the Tyrosine-Phosphoprotein Pattern after
labeled antibodies directed against various markers forStimulation
B and T cells and follicular dendritic cells (Figure 6). The(A) Goat anti-mouse k antibody was added at the concentration of
architecture of the primary follicule including the B and20 mg/ml. Arrow 1 shows the time point of antibody addition. Arrow
T cell zones appear normal judged by anti-IgM, anti-2 shows the time point of ionomycin addition. The intracellular Ca21
concentration ([Ca21]i) is represented as the ratio of bound to un- IgD, and anti-Thy-1 stainings (Figures 6A, 6B, and 6E).
bound Indo-1. The mucosal vascular addressin MAdCAM-1 is a marker
(B) Phosphotyrosine-containing proteins were affinity purified for cells of the marginal sinus (Kraal et al., 1995). As
from lysates of control (lanes 1 and 2, 1/1) and SLP-65-deficient judged by the expression of this marker, marginal si-(lanes 3 and 4, 2/2) splenocytes stimulated with goat anti-k anti-
nuses were normal, as were the IgMhi marginal zone Bbodies.
cells immediately outside of the marginal sinus (Figure
6D). Germinal centers were observed in both control
and mutant mice following PNA staining (Figures 6F and
similar pattern is seen (Figure 4B, lane 4) with the excep- 6G). The distribution of follicular dendritic cells in splenic
tion of two unknown bands of 50 kDa and 56 kDa, which follicles was normal (Figure 6C). In summary, no obvious
are more weakly phosphorylated. In agreement with this, differences were observed in splenic architecture be-
the phosphotyrosine pattern was also not drastically tween mutant and control mice.
changed in a SLP-65-deficient chicken B cell line (Ishiai
et al., 1999). The amount of phosphorylated SLP-65 is Discussion
not sufficient to be detected in the control lane.
To characterize the role of SLP-65 in B cell development
and function, the murine slp-65 gene was mutated by
In Vitro Stimulation of Splenocytes deleting exon 4. Healthy mice homozygous for the mu-
To test the growth response of mutant B cells in vitro, tated allele were obtained at the expected frequencies
splenocytes derived from mutant and control mice were from heterozygote intercrosses, indicating that SLP-65
cultivated in the presence of various known B cell activa- is not essential for normal mouse development. The
tors (Figure 5). After incubation for 48 hr, proliferation of mutation introduced was apparently a null mutation,
the cells was measured by an 8 hr pulse of [3H]thymidine. since no SLP-65 protein could be detected in spleno-
SLP-65-deficient splenocytes stimulated via the BCR by cytes by probing a Western blot of Grb2-binding pro-
treatment with anti-IgM (data not shown), anti-IgM 1 teins with anti-SLP-65 antibodies. At the moment, we
IL4, anti-k (data not shown), or anti-k 1 IL4 showed no cannot exclude the possibility that mutant SLP-65 is
proliferative response in contrast to splenocytes from present at levels below detection and with sufficient
control littermates (Figure 5). Stimulation with anti- activity to provide partial function.
CD40, anti-CD40 1 IL4, and LPS was also strongly re- Our results suggest that the loss of SLP-65 has an
duced in cultures of mutant cells. When analyzed by effect primarily on cells of the B lineage. This is in agree-
FACS, the induction of the activation markers MHC-II ment with the described preferential expression of SLP-
and B7-2 on mutant B cells was indistinguishable from 65 in B cells (Fu et al., 1998; Goitsuka et al., 1998; Wie-
nands et al., 1998). Although we have recently foundcontrol cells (data not shown).
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Figure 6. The Architecture of the Spleen in SLP-65-Deficient Mice Is Normal
Cryosections of spleen from control and SLP-65-deficient mice were stained with the indicated antibodies (labeled with FITC [green] or TRITC
[red]). FDC recognizes follicular dendritic cells; anti-MAdCAM-1 stains cells in the marginal sinus of the spleen (Kraal et al., 1995); PNA (peanut
agglutinin) stains germinal center B cells.
that SLP-65 is also expressed in bone marrow±derived The IgM response to T-independent and T-dependent
antigens is drastically reduced in SLP-65-deficient mice.macrophage cultures (data not shown), no alterations
in myleoid populations was observed by FACS analysis This could be expected if signaling from the BCR were
strongly dependent on SLP-65. Surprisingly, the IgGin mutant mice.
FACS analysis of SLP-65-deficient mice shows de- response to T-dependent antigens (and germinal center
formation in spleen) was not different from control mice.fects in B cell development at the pre-B and im-
mature-B cell stages (Figure 7). A strong increase was This could mean that, unlike naive B cells, the stimula-
tion of memory B cells does not normally involve SLP-observed in the bone marrow pre-B (CD431BP1IgM2)
population. This is the stage where the cells become 65 or that they express other adaptor proteins that can
compensate for the absence of SLP-65. In any case,dependent on signals from the pre-BCR for further de-
velopment. Maturation of B cells in the periphery is also the reduced number of B cells in the mutant mouse
that manage to reach the mature stage are sufficient toperturbed. Many more immature B cells are present in
the spleen of mutant mice. Apparently, in the absence generate a normal secondary response.
The reduced serum titers for IgM and IgG3 seen inof SLP-65, the signal from the pre-BCR and BCR is less
efficient in promoting further maturation steps. These SLP-65-deficient mice may be explained by the lack of
B1 B cells (found primarily in the peritoneal cavity). B1observations are in agreement with published results
from a variety of experimental models, suggesting that B cells are a self-renewing subpopulation of B cells often
bearing specificity for bacterial or self-antigens. Theysignaling from the BCR is essential, both in the bone
marrow and in the periphery, for B cell maturation and produce large amounts of IgM, IgG3, and IgA. It is inter-
esting that a number of mutations in BCR signaling com-survival (reviewed in Healy and Goodnow, 1998; Benschop
and Cambier 1999; Campbell, 1999). ponents result in a reduction in the B1 B cell population
Figure 7. SLP-65-Mutant Mice Show Abnor-
mal B Cell Development
B cell development is schematically shown
with the various stages labeled A±F (Hardy et
al., 1991) or alternatively pro-B to mature B
(Osmond et al., 1998). For several genes in-
volved in BCR signaling, the stage at which
mutations in these genes disturb maturation
is indicated by a filled bar.
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(reviewed in Pillai, 1999). At present, it is not clear mice show in B cell development. The reason for this
whether the maturation of B1 B cells is particularly de- difference is not known but could be due to the presence
pendent on signaling from the BCR or whether the main- of alternative adaptors in B cells, which can partially
tenance of normal numbers of B1 B cells in the adult replace the lack of SLP-65. It is also possible that T
animal requires a constitutive and strong BCR signal. cell development is less tolerant to modifications in the
The SLP-65-deficient mice have a phenotype that is signals delivered by the TCR. Studies on the SLP-defi-
strikingly similar to that of mice carrying a mutation in cient mice may contribute to a better understanding of
btk. Both mutant strains show strongly reduced levels the signaling events during negative and positive selec-
of mature B cells in bone marrow and the periphery; an tion of lymphocytes.
increase in transitional B cells; a loss of CD51 B1 B
Experimental Procedurescells; low serum IgM and IgG3 levels; poor proliferative
responses following stimulation via the BCR, anti-CD40,
Construction of SLP-65 Targeting Vectorand LPS; no humoral response to T-independent anti-
The SLP-65 targeting vector (Figure 1A) consisted of a 2.75 kbgens; poor primary response to T-dependent antigens;
homology arm derived from intron 3, a tk-promoter-neomycin ex-
and a normal secondary humoral response to T-depen- pression cassette that replaced exon 4 and flanking intron se-
dent antigens. The overall similarity suggests that the quences (XbaI±KpnI), and a 1 kb short homology arm from intron
functional roles of Btk and SLP-65 proteins lie primarily 4. The HSV-thymidine kinase gene was inserted at the BamHI site
(intron 4) to give the targeting construct.in common signaling pathways. Indeed, we recently
BALB/c embryonic stem cells (3 3 107) were electroporated inhave found that the SH2-domain of Btk selectively binds
700 ml medium with 25 mg linearized vector at 250 V and 500 mF.to phosphorylated SLP-65 (unpublished data). Presum-
ES cells were cultured in selection medium containing G418 (400
ably, it is this binding of Btk to SLP-65 that is crucial
mg/ml) and gancyclovir (2 mM). After 12 days, 480 ES cell colonies
for the phosphorylation and activation of PLCg2 by Btk were screened by PCR. Four of the five PCR-positive clones gave
and the resulting Ca21 response. In agreement with this, the expected bands after Southern blot analysis. Three independent
clones were injected into blastocysts and all of them gave rise toSLP-65-deficient B cells show a lower Ca21 response
chimeric mice that transmitted the mutation to the germ line.(Figure 4A) and lower PLCg2 phosphorylation when
stimulated. Interestingly, loss of SLP-65 in a chicken
Protein AnalysisDT40 cell line leads to complete loss of the Ca21 re- Splenocytes were starved for 1 hr in medium without FCS at 378C,
sponse (Ishiai et al., 1999). The residual Ca21 signal seen stimulated either with 10 mg/ml21 goat anti-k (Southern Biotechnol-
in B cells from SLP-65-deficient mice could be due to ogy Associates) or 50 mM pervanadate/H2O2 (Sigma) and then lysed
in 1% NP40 lysis buffer (Wienands et al., 1996). Lysates were sub-the presence of additional adaptors, which can partially
jected to GST-Grb2 SH3-2 affinity purification (1.3 3 108 cell equiva-substitute for the absence of SLP-65. It will be important
lents/precipitation). After polyacrylamide gel electrophoresis, theto examine the effect of the SLP-65 mutation on other
gel was blotted and stained with polyclonal anti-SLP-65 antibodiessignaling pathways such as those involving PI3 kinase
(Wienands et al., 1998) and developed with IgG-horse radish peroxi-
and MAP kinase. Also, it would be interesting to know dase (Pierce). Polyclonal rabbit anti-SLP-65 antibodies were pro-
whether a subset of human patients with a Btk-deficient duced by immunizing rabbits with KLH-coupled peptides encom-
phenotype actually are deficient for human SLP-65. passing amino acids 148±161 of murine SLP-65 (Wienands et al.,
1998).In vitro stimulation by antibodies directed against the
BCR was unable to induce proliferation in splenocytes
Flow Cytometryderived from SLP-65-deficient mice. Although this result
The expression of cell surface antigens was examined by standardcould indicate the important role of SLP-65 in mediating
flow cytometric methods. Single-cell suspensions from the indi-
BCR-signals, we cannot rule out the possibility that this cated organs were depleted of erythrocytes by lysis with Gey's
difference is due to the fact that most of the splenic B solution and aliquots of 106 cells were stained with a combination of
cells isolated from the mutant are immature and thus not biotin-, fluorescein isothiocyanate (FITC)-, and phycoerythrin (PE)-
labeled antibodies. The antibodies used (all antibodies were fromefficiently stimulated by the BCR (Allman et al., 1992).
Pharmingen unless otherwise indicated) were anti-CD43, S7-PE;Proliferation of SLP-65-deficient splenic B cells follow-
anti-CD24, M1/69-FITC; anti-B220, RA3-6B2-FITC, -PE (GIBCO-ing treatment with LPS or with antibodies directed
BRL), or -biotin; anti-mouse IgM-biotin; anti-mouse IgD-FITC; anti-against CD40 was also greatly reduced compared with CD4, GK1.5-biotin; anti-CD8, 53-6.72-FITC; anti-Thy1, 30-H12-PE;
normal splenocytes. This result could be interpreted as anti-BP-1, 6C3-biotin; anti-Mac-1, M1/70-FITC; anti-Gr-1 and RB6-
evidence that signaling pathways associated with other 8C5-biotin. Biotinylated antibodies were revealed either with strep-
activation receptors on the B cell also use SLP-65. Alter- tavidin-Red 670 (GIBCO-BRL), streptavidin-Cy5 (Jackson Immu-
noResearch), or streptavidin-PE (Southern Biotechnology). Fc-natively, the signal following treatment with LPS or anti-
receptors were blocked with 40 mg/ml anti-FcgRII antibody 2.4G2.CD40 may synergize with a constitutive basal signal
Data was collected on a FACScan or FACStar flow cytometer (Bec-coming from the BCR. In the case where the basal BCR
ton Dickinson) and analyzed using CELLQuest software (Becton
signal is weak due to the lack of SLP-65, the synergizing Dickinson).
signal would have a much weaker effect. Although it is
also possible that the reduced stimulation by LPS and Immunizations and ELISA
anti-CD40 has to do with differences in the maturation Wild-type and SLP-65-deficient mice (five per group) were immu-
nized with 20 mg thymus-independent antigen TNP-Ficoll in PBSstage of the populations compared, immature IgM1 B
injected intraperitoneally. Mice were bled prior to and 5 days postim-cells have been shown to proliferate after LPS treatment
munization. To determine the thymus-dependent response, wild-(Rolink et al., 1991; Allman et al., 1992).
type and SLP-65-deficient mice (five per group) were immunized
SLP-65 shows sequence similarity to the adaptor pro- with 20 mg TNP-BSA precipitated with alum as adjuvant and injected
tein SLP-76 found preferentially in T cells. However, intraperitoneally together with bordatella pertussis. Mice were bled
mice deficient for SLP-76 show a much more dramatic prior to immunization and 15 and 21 days after immunization. At
day 15, a second immunization (boost) with 20 mg TNP-BSA wasblock in T cell development than the SLP-65-deficient
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performed. Enzyme-linked immunosorbent assays were carried out are the target of negative selection in the B cell compartment. J.
Exp. Med. 181, 2129±2140.using TNP-OVA coated plates and isotype-specific antibodies
(Southern Biotechnology). Clements, J.L., Ross-Barta, S.E., Tygrett, L.T., Waldschmidt, T.J.,
and Koretzky, G.A. (1998a). SLP-76 expression is restricted to hemo-
Ca21 and Phosphotyrosine Blots poietic cells of monocyte, granulocyte, and T lymphocyte lineage
To measure Ca21 release, splenocytes were loaded with Indo-1 and and is regulated during T cell maturation and activation. J. Immunol.
stained with FITC-anti-MAC1 and PE-anti-Thy-1 (Pharmingen). For 161, 3880±3889.
flow cytometric analysis of Ca21 release, only Mac-1 and Thy-1 Clements, J.L., Yang, B., Ross-Barta, S.E., Eliason, S.L., Hrstka,
negative cells (B cells) were analyzed. Cells were stimulated with R.F., Williamson, R.A., and Koretzky, G.A. (1998b). Requirement for
anti-k antibodies (Southern Biotechnology Associates) or ionomycin the leukocyte-specific adapter protein SLP-76 for normal T cell de-
(Calbiochem). The results are representative of three independent velopment. Science 281, 416±419.
experiments. To induce tyrosine phosphorylation, splenic lympho- Clements, J.L., Lee, J.R., Gross, B., Yang, B., Olson, J.D., Sandra,
cytes were starved for 1 hr in medium without FCS at 378C, stimu- A., Watson, S.P., Lentz, S.R., and Koretzky, G.A. (1999). Fetal hemor-
lated with 10 mg/ml21 goat anti-k, and then lysed in 1% NP40 lysis rhage and platelet dysfunction in SLP-76-deficient mice. J. Clin.
buffer (Wienands et al., 1996). Lysates were subjected to immuno- Invest. 103, 19±25.
precipitation with agarose-conjugated anti-phosphotyrosine anti-
Fu, C., Turck, C.W., Kurosaki, T., and Chan, A.C. (1998). BLNK: abodies. After electrophoresis, the gel was blotted and stained with
central linker protein in B cell activation. Immunity 9, 93±103.
anti-phosphotyrosine antibody 4G10 (Upstate Biotechnology) and
Goitsuka, R., Fujimura, Y., Mamada, H., Umeda, A., Morimura, T.,developed with anti-IgG-horseradish peroxidase (Pierce).
Uetsuka, K., Doi, K., Tsuji, S., and Kitamura, D. (1998). BASH, a
novel signaling molecule preferentially expressed in B cells of theIn Vitro Stimulation
bursa of Fabricius. J. Immunol. 161, 5804±5808.Splenocytes of mice 10- to 20-weeks-old were isolated and cultured
Hardy, R.R., Carmack, C.E., Shinton, S.A., Kemp, J.D., and Haya-at 106/ml in Iscove's medium (200 ml/well) supplemented with 10%
kawa, K. (1991). Resolution and characterization of pro-B and pre-FCS, 2 mM L-glutamine, 60 mM 2-mercaptoethanol, 100 U/ml peni-
pro-B cell stages in normal mouse bone marrow. J. Exp. Med. 173,cillin, and 100 mg/ml streptomycin. The cells were stimulated for 48
1213±1225.hr with 10 mg/ml anti-IgM (B7±6), 10 mg/ml anti-k (Southern Biotech-
nology Associates), 1 mg/ml anti-CD40 (Pharmingen), or 15 mg/ml Hayashi, S.-I., Kunisada, T., Ogawa, M., Sudo, T., Kodama, H., Suda,
T., Nishikawa, S., and Nishikawa, S.-I. (1990). Stepwise progressionLPS (Difco). Where indicated, 2 ng/ml IL-4 (Pharmingen) was in-
of B lineage differentiation supported by interleukin 7 and othercluded. After pulsing the culture with 1 mC [3H]thymidine/well for
stromal cell molecules. J. Exp. Med. 171, 1683±1695.6±8 hr, thymidine incorporation was measured using an Inotech
Trace 96 counter. All assays were done in triplicate and repeated Healy, J.I., and Goodnow, C.C. (1998). Positive versus negative sig-
four times. naling by lymphocyte antigen receptors. Annu. Rev. Immunol. 16,
645±670.
Histology Ishiai, M., Kurosaki, M., Pappu, R., Okawa, K., Ronko, I., Fu, C.,
Tissue samples from spleen and lymph nodes were frozen in tissue- Shibata, M., Iwamatsu, A., Chan, A.C., and Kurosaki, T. (1999). BLNK
tek O. C. T. compound (Miles). Tissue sections (6 mm thick) were required for coupling Syk to PLCg2 and Rac1-JNK in B cells. Immu-
prepared and fixed in cold acetone for 15±20 min. After washing nity 10, 117±125.
three times in PBS, the distribution of cell surface antigens in the Jackman, J.K., Motto, D.G., Sun, Q., Tanemoto, M., Turck, C.W.,
sections was determined using the following antibodies: anti-IgM- Peltz, G.A., Koretzky, G.A., and Findell, P.R. (1995). Molecular clon-
TRITC (Jackson Imunoresearch Labs), anti-IgD-FITC (Pharmingen), ing of SLP-76, a 76-kDa tyrosine phosphoprotein associated with
anti-FDC (rat anti-mouse FDC), anti-MadCAM-1 (rat anti-mouse; Grb2 in T cells. J. Biol. Chem. 270, 7029±7032.
Pharmingen), goat anti-rat IgG-FITC (Southern Biotechnology Asso-
Karasuyama, H., Kudo, A., and Melchers, F. (1990). The proteinsciates), biotinylated anti-Thy-1.2 (Pharmingen), streptavidin-TRITC
encoded by the VpreB and l5 pre-B cell-specific genes can associ-
(Southern Biotechnology), and anti-IgM-FITC (Pharmingen). FITC-
ate with each other and with m heavy chain. J. Exp. Med. 172,
labeled peanut agglutinin (PNA) was from Sigma. After washing
969±972.
in PBS, the sections were mounted in Fluoromount G (Southern
Khan, W.N., Alt, F.W., Gerstein, R.M., Malynn, B.A., Larsson, I., Rath-Biotechnology) and sealed. Slides were analyzed with a Leica confo-
bun, G., Davidson, L., MuÈ ller, S., Kantor, A.B., and Herzenberg, L.A.cal laser scanning microscope (model TCS 4D).
(1995). Defective B cell development and function in Btk-deficient
mice. Immunity 3, 283±299.Acknowledgments
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